The first part described a versatile TVC test rig capable of a continuously variable length-todepth ratio (L/D) of the cavity and optical access through quartz plates provided on three sides for visualization. Flame stabilization in the single cavity TVC was successfully achieved with methane as fuel and the range of flow conditions for stable operation were identified. From these, a few cases were selected for detailed experimentation, the results of which were presented in part-1. The results indicated that reducing L/D ratio and increasing cavity-air velocity favour stable combustion. In the present paper, numerical simulations are performed to ascertain reasons for some of the trends. The predicted temperatures at the exit showed reasonably good agreement with measured values. The experiments are also performed for different flow conditions to ascertain stability limits of the combustor. Insight from these set of experiments along with simulations has highlighted the importance of air and fuel injection strategies in the cavity. It was observed in the experiments that for certain cases involving moderate cavity-air velocity, the flame tend to blowout whereas at higher and lower cavity-air velocities, the flame was observed to be stable. This observation could be explained based on understanding obtained from simulations. From a mixing and combustion efficiency standpoint, it is desirable to have a cavity vortex that is anti-clockwise. However, natural tendency for flow over a cavity is to form a vortex that is clockwise. The tendency to blowout at higher inlet flow velocities is thought to be because of these two opposing effects. This basic understating of cavity flow dynamics can be used for further design improvements in future to improve flame stability at higher inlet flow velocities.
INTRODUCTION
Gas turbine combustors incorporate interdependent phenomena of three-dimensional multi component flow fields with complex multiphase chemical kinetics, evaporation and heat transfer processes, all occurring simultaneously. Gas turbine engines have evolved over many years continually and gradually with relatively fewer changes in design. However, as the demand for high-performance, low emissions gas turbine engines have grown, the motivation to evaluate newer concepts has increased.
A combustor designer faces the main problem in design, due to various conflicting design requirements. A good example of conflict in design is provided by the continuing requirement to reduce pollutant emissions. With conventional combustors, any modification that reduces smoke and nitric oxide (NO x ) increases the emissions of carbon monoxide (CO) and unburned hydrocarbons (UHC's), and vice-versa. Achieving these conflicting design requirements offers a major challenge to the combustor designer. Future gas turbine engines are expected to have higher performance [1-3] than current engines. High performance implies severe engine requirements that translate into increasing compressor and combustor exit temperatures, higher combustor pressures and higher air/fuel ratio combustors with wider operating limits between idle and maximum power conditions. Higher temperatures and pressure, together with wider operating limits, suggest that undesirable exhaust emission levels of nitrogen oxides (NO x ) and smoke at maximum power and higher carbon monoxide (CO) and unburned hydrocarbons (UHC's) at low power will result. To control emission levels in these circumstances while simultaneously improving performance, increasing durability and maintaining cost, require major advances [4] in combustor technology. To achieve this reduction in emissions, engine designers have been challenged to evaluate various combustor configurations. Successful development of low NO x combustor technology for subsonic or supersonic transport engines as well as stationary gas turbines poses significant challenge.
As discussed in Part-1, Trapped Vortex Combustor (TVC) has received attention in the last decade as an alternative to conventional swirl stabilized combustor. TVC design promises enhanced ignition and combustion stability characteristics [5, 6] over much wider operating range as compared to conventional combustors with significant reduction in pollutant emission. Moreover, it has been established that TVC has versatility to be configured as a lean premixed combustor [7] or Rich burn-Quick quench-Lean burn (RQL) stage-combustor [8, 9] .
In Part 1, design details of the experimental test facility along with results from experiments are presented. Part-1 also contained details of experiments to ascertain stability limits. This paper contains results from three-dimensional, steady and unsteady, numerical simulations for cases discussed in Part-1. The predicted data is compared with measurements from the experiments. The results from the modeling are used to explain the trends observed. The next few sections present the experimental observations regarding flame stability, modeling details, numerical predictions, comparison with experiments and the insights obtained thereof.
MODELING METHODOLOGY
The numerical simulation is performed for cases listed in Table- 1. These cases correspond to conditions for which experiments are performed with detailed measurements (results presented in Part-1). In this section, modeling methodology is discussed.
Computational Domain
The computational domain chosen for simulations is a 120-mm wide, planar, single cavity rig as shown in Figure 1 . Air and fuel are entering cavity from 6 holes of 5-mm diameter from aft and fore face of the cavity, respectively. The air and fuel inlets in cavity are offset by 40 mm and depth of the cavity is 70 mm. The cavity dimensions are referred to by length (L), depth (D) and width (W); length-to-depth ratio and length-towidth ratio are referred to as L/D and L/W, respectively. The faces shown in blue color indicates inlets while those in red indicate outlets. The walls are shown in gray color.
Models
Both steady and unsteady, three-dimensional, reacting flow simulations of the single cavity TVC are performed using a commercial CFD software FLUENT. Governing equations are discretized using first-order upwind scheme and solved using double precision, implicit, pressure-based solver. SIMPLE algorithm is used for pressurevelocity coupling. A combination of structured and unstructured grid is generated for the computational domain with about 85,000 cells. Realizable k-ε turbulence model with standard wall functions and a generalized finite-rate model solving transport equations for species mass fraction are used. Turbulence-chemistry interactions are modeled using where Y p "2 is the variance of the product mass fraction, C EBU is a dimensionless constant, ε and k being the turbulent dissipation and turbulent kinetic energy, respectively. Magnussen and Hjertager [10] , modified the EBU model, by replacing Y p "2 simply by the mean mass fraction of the deficient species. This model was termed the Eddy Dissipation Model (EDM). The model takes the minimum of three rates, those defined with the mean fuel mass fraction, mean oxidizer mass fraction and the product mass fraction. The turbulent mean reaction rate is given by:
where A and B are modeling constants, Y F is the fuel mass fraction, Y O2 is the oxygen mass faction, and ( is the stoichiometric oxygen to fuel mass ratio. The chemistry is represented by the following two-step reaction with methane as fuel.
Validation
Before utilizing the models available in FLUENT for present work, for the purpose of validation, a previously-reported TVC investigation from literature [11] is chosen. Figure 2 (a) shows a first-generation TVC combustor on which experimental studies were conducted. In this work, propane is injected through eight orifices (1.75 mm in diameter), and primary air is supplied through 24 orifices (2.29 mm diameter) surrounding the fuel jets. The details of the geometry can be found in the reference. The annular air flow rate is fixed corresponding to annular air velocity of 42 m/s. The fuel flow rate is also fixed with a velocity of 22 m/s. The primary air flow rate in cavity is set corresponding to velocity of 24 m/s. The overall equivalence ratio is about 0.21 and cavity equivalence ratio is 4.4. In FLUENT, steady, reacting flow simulations are carried out for this case. A threedimensional geometry is created in GAMBIT for this configuration and mesh is generated with about 58,000 elements. The mass flow rates are specified using mass flow inlet boundary conditions. The exit boundary condition is specified as pressure outlet. All walls are specified as adiabatic and no slip boundary condition is implemented. The realizable k-ε model is used for turbulence. The turbulencechemistry interactions are modeled using Eddy-dissipation model. The chemistry is represented by global two-step reaction.
The radial temperature profile at axial location x=5 is plotted in Figure 2 (b). It can be observed that the trend in predicted temperature variation compares well with experimental data considering the fact that there is about ±5% uncertainty [11] in the measured temperature distribution. Figure 3 compares predicted velocity field with measured velocity vector in the cavity region. In the literature [11] , it has been stated that general flow structure inside the cavity is similar for a wide range of fuel and airflow conditions. The predicted velocity vectors match well with the measured instantaneous velocity field. The detailed results about this validation can be obtained from [12] . From these comparisons, it can be concluded that qualitative match between measured and predicted cavity flow structure is also reasonably good. Thus, the model has been reasonably validated for further use in understanding the flow structure.
BOUNDARY CONDITIONS
The mass flow-inlet boundary condition is applied at the inlets shown in blue colour in Figure 1 . The lean fuel-air mixture enters the main inlet. The location of air and fuel inlets in the cavity is marked in Figure 1 . The mass flow rate is specified at these inlets. Along with mass flow inlet, a constant temperature of 300 K is specified. The turbulence parameters are defined in terms of 10% turbulence intensity and hydraulic diameter. For main air and fuel inlets, species mass fraction corresponding to the required equivalence ratio is specified. The exit of the TVC is specified as pressureoutlet boundary condition. A static pressure of 101325 Pa is specified at this boundary. The adiabatic wall boundary condition with "no-slip" is used for all other faces of the combustor. All walls are represented by gray color in Figure 1 .
GRID INDEPENDENCE STUDY
In an effort to assess the effect of grid size on solution accuracy and computational effort, simulations are performed for two different mesh sizes. The two meshes-Mesh 1 and 2 have 85350 and 390102 elements, respectively. These simulations are performed for L/D of 0.85. The flow conditions correspond to Case A in Table 1 . The details of boundary conditions are already given in section above. Table 2 gives the difference in Figure 4 . It can be observed from Table 1 that maximum difference in the values of velocity, temperature and turbulence kinetic energy is 8.4%. Thus, the grid corresponding to 'Mesh 1' is verified to give grid independent results. Thus, simulations are performed for mesh size corresponding to 'Mesh 1' for all cases investigated in this paper.
NUMERICAL SIMULATION: RESULTS & DISCUSSION
The three-dimensional, transient, reacting-flow simulations are performed for cases mentioned in Table- approach [7, 8, 11] . The three-dimensional steady state simulations for cases shown in Part-1 are compared with experimental values and discussed here.
Effect of Change of L/D Ratio
The velocity vectors near to central plane through the cavity middle are shown in Figure 6 . This plane passes through the cavity air and cavity fuel inlet. The cavity air jet penetration can be observed from this figure. It can be observed that for L/D of 0.85, the cavity air jet penetration is more than in other cases. Similar observation is made from color images and high speed images discussed earlier in the Part-1 paper. The presence of an anti-clockwise vortex is observed for all three cases. From these velocity vectors, it is observed that part of Reaction rate contours, shown in Figure 9 , indicate that reaction rates are high in the shear layer for L/D of 0.85 and 0.93. These reaction rates are negligible in the cavity and elsewhere as compared to shear layer, near to the cavity air inlet. These observations collectively indicate that the cavity air and cavity fuel mix along the shear layer that leads to high temperature in that region. Because of the strong anti-clockwise vortex in the cavity, the combustion products from shear layer are convected into the cavity and also downstream of the cavity, as indicated by high temperature contours. Overall, the combustion may be considered to be diffusion-controlled, since reactions are mainly observed to be occurring in the shear layer formed due to the mixing of cavity air and cavity fuel. Thus, the use of the Eddy Dissipation approach in the modeling is justified for the present situation. For L/D of 1, the temperature contours shown in Figure 8 do not indicate high temperature along shear layer. The reaction rates for this case are higher near cavity air inlet and in the cavity. From Figure 6 , it is evident that the strength of the vortex is lower for L/D of 1 because of increased cavity volume. Thus, the cavity air and cavity fuel mix in the cavity as indicated by the high reaction rates in the cavity. 93 is 4% and 25%, respectively. However, the agreement between pattern factor values for the L/D = 1 case is poor. This is attributed to the larger discrepancy between predicted and measured temperature profiles for this case. The reason for this discrepancy is thought to be arising from the three-dimensionality of the flow field due to the relatively weaker cavity vortex.
Effect of Increase in Cavity Air Velocity
The results from numerical simulations for Cases D, C and E in Table 1 are presented in this section. Figure 11 shows velocity vectors in a central plane through the cavity for reacting flow for the three cases under consideration. It is observed that location of the anti-clockwise vortex is same for three cases; however, strength of the vortex increases with increase in the cavity air velocity. It is also observed that though vortex strength is more for the case with the highest cavity air velocity, the depth of penetration in the cavity is almost same. The methane mass fraction contours and temperature contours look similar for these three cases. This explains the reason for combustion efficiency being nearly the same for these cases, i.e, around 97.5% as mentioned in the Part-1 paper. Figure 12 shows a comparison of predicted and measured temperatures at the exit for these three cases. In general, it is observed from simulations that temperature is increasing at the exit from top wall to the bottom wall. However, measurements show that there is a decrease in temperature towards the bottom wall. From these numerical simulations pertaining to the cases for which experiments are performed, qualitative information is obtained and it is observed that mixing is indeed better as L/D ratio is decreased. This explains the reason for higher combustion efficiency for the case with L/D of 0.85.
Discussion on Flame Stability
The natural flow over a cavity leads to the formation of a clockwise vortex. However, literature points to the fact that formation of anti-clockwise vortex in the cavity is better for improved mixing. The same strategy is used in the present work, so that cavity air and fuel injection lead to formation of anti-clockwise vortex. However, it is a challenge to stabilize the flame with this strategy, as anti-clockwise vortex in the cavity is opposing the natural clockwise vortex formation. The combustion experiments reported in Part-1, section 4 indicate that if cavity air velocity is less than main stream velocity, combustion could be established in the cavity. As cavity air velocity is increased, a stable flame could be established. However, for few intermediate cavity air velocities, a blowout is observed. To understand this flow dynamics in the cavity, a few numerical simulations are performed for conditions where cavity air velocity is less than the mainstream velocity. The velocity vectors along the central plane through the cavity are shown in Figure 13 for two conditions with cavity air velocity less than main stream velocity. It is observed that these conditions lead to the formation of a clockwise and an anti-clockwise vortex in the cavity. The strength of the vortex in the cavity and relative location of anti-clockwise and clockwise vortex in the cavity is dependent on L/D ratio and magnitude of cavity air jet velocity. The numerical simulations corresponding to cases with cavity air jet velocity more than main stream velocity indicate presence of a single anti-clockwise vortex in the cavity as indicated in 
Cavity Flow Structure-1: Main stream velocity > Cavity air jet velocity
This leads to the formation of a clockwise and an anticlockwise vortex in the cavity. The size and location of these vortices are dependent on the relative magnitude of main stream and cavity air jet velocities. Figure 13 corresponds to cases representing this cavity flow structure. A stable flame is observed in the cavity for these cases. This structure is desirable from a stability standpoint.
Cavity Flow Structure-2: Main stream velocity < Cavity air jet velocity
This leads to the formation of a single anti-clockwise vortex in the cavity. Mixing is better for this case, with fuel in the cavity traveling along bottom cavity wall and then aft-cavity wall, getting convected into the vortex core and mixing with main stream along the shear layer. It is observed from experiments that a stable flame is established in the cavity for favorable conditions. The experiments also indicate that the combustion efficiencies are high and pattern factors are low for cases in this category. This flow structure is desirable from a combustion efficiency standpoint. Now the phenomenon of blowout at some intermediate cavity air velocities needs to be explained. This is thought to happen in cases where the cavity air velocity is not strong enough to sustain a strong anti-clockwise vortex in the cavity. In other words, the main flow and the cavity air jet oppose formation of clockwise & anticlockwise vortices resulting in blowout. With this basic understanding of cavity flow dynamics, attempts can be made to further improve the rig design for improved stability characteristics at higher main stream velocities. Some ideas such as use of struts at flow inlet and use of injection of extra air in the cavity to enhance stability of the cavity vortex can be explored in future.
SUMMARY
Detailed stability experiments conducted on a versatile TVC rig described in Part-1 indicate interesting trends of blowout at certain intermediate cavity air velocities. In this paper, modeling of the single cavity TVC is reported with a view to explain the trends observed. The model is initially validated with data from literature. The transient three- The combustion experiments conducted to ascertain range of flow conditions for stable combustion indicated that increasing L/D ratio more than one leads to blow-out. A stable combustion could be established for cavity air velocity less than that of main stream velocity. Also, conditions with cavity air velocity more than that of main stream led to stable combustion. However, for some intermediate flow conditions, flame blowout is observed.
From numerical simulations, two different cavity flow structures are identified based on the relative magnitude of main stream and cavity air velocities. The first corresponds to the case where cavity air velocity is lower than main-stream velocity. Here, it is observed that there is a formation of a clockwise and an anti-clockwise vortex in the cavity. This is considered desirable from a stability standpoint. The second type of cavity flow structure corresponds to the case where cavity air velocity is more than main-stream velocity leading to formation of single anti-clockwise vortex in the cavity. This is desirable because from a combustion efficiency standpoint due to improved mixing. The phenomenon of blow-out for some intermediate cases is explained on the basis of the cavity air velocity not being strong enough to form a stable anti-clockwise vortex in the cavity. This basic understating of cavity flow dynamics can be used for further design improvements in future to improve flame stability at higher inlet flow velocities.
